To minimize the incidence of grass tetany, winter pastures should be established on soils containing Mg-rich minerals, drainage should be improved on five-textured soils, legumes should be included in the sward and soil pH should be at least 5.5. Liming acid soils with dolomitic lime increases forage Mg by supplying Mg and by raising soil pH. Calcitic lime applications also can increase Mg availability to plants on soils with adequate Mg. Low rates of application of soluble Mg salts (<I00 kg/ha of Mg) effectively increase Mg uptake from noncalcareous soils with low cation exchange capacity. Potassium levels in soils and plants should be kept in the lower range of recommended values. Nitrogen application should be regulated to provide the desired level of forage production. Nitrogen fertilizers, especially the nitrate form, stimulate plant Mg uptake if Mg is available in the soil. The most practical and cost-efficient method of supplementing dietary Mg intake is to provide free-choice Mg. Supplements must be palatable and placed in locations frequently used by cow herds. Including a high-energy feed in the supplement may at times increase its preventive effectiveness by increasing Mg absorption and reducing lipolysis. Regardless of the supplement formulation, Mg intake should be monitored on a regular basis, and formulation or management changes should be initiated if Mg consumption is below required levels. In severe grass tetany outbreaks, foliar application of Mg or administration of Mg via the drinking water may be warranted.
word in this description is "complex", because a large number of factors influence the development of grass tetany. Yet, all factors do not operate at a given location, and various abnormalities leading to grass tetany are not always caused by the same factor, so they do not always require the same corrective measures. In developing suitable management practices to overcome the incidence of grass tetany, one should first determine the causes or most probable causes for the development of tetany at a given location and time.
Regardless of the complex, sporadic nature of the grass tetany problem, it has some striking consistencies. Specifically, it usually occurs in older, lactating animals consuming lush, cool-season grasses that have received some degree of intensive management, such as fertilization. The grass tetany problem is seasonal and most commonly occurs 5 to 10 d after cold (near or below freezing), wet 3470 weather, when the air temperature has risen to 14~ or higher. The forage consistently has a low Mg concentration (<2.0 g/kg of dry matter) and frequently has high concentrations of total N, K, water, organic acids and higher fatty acids and low concentrations of total water-soluble carbohydrates (Grunes et al., 1970; Mayland and Grunes, 1979) . One logical management approach to overcome the incidence of grass tetany is to develop agronomic programs that would produce forages containing at least 2.0 g Mg/kg if dry matter during the tetany season and to provide supplemental dietary Mg if that management goal cannot be achieved economically.
The Soil-Plant-Animal Continuum
To develop effective management practices to overcome the incidence of grass tetany, it is helpful to review briefly the soil-plant-animal continuum, stressing processes involved in movement of Mg through the system. The initial sources of Mg in soils are the primary minerals, which released Mg as they were decomposed by the weathering process (Ellis, 1979; Baker and Risser, 1983) . A portion of the released Mg is held in exchangeable form on the soil cation exchange sites, where it is in equilibrium with soil solution Mg. Magnesium is delivered to root surfaces by the soil solution through a process called mass flow, which is driven by water transpiration from plant leaves. The quantity of Mg reaching root surfaces is a function of the Mg concentration in the soil solution and the volume of water being transpired (Barber, 1984) . It seems likely that Mg concentrations at the root surface would influence Mg uptake more than Mg concentrations in the bulk soil solution, but this area of research is still in its infancy (Rengel, 1988) .
Absorption of Mg into plant roots occurs by both passive and active uptake mechanisms and is influenced by both environmental and metabolic conditions (Hannaway et al., 1980) . Active uptake of Mg, which is especially important at low soil Mg levels and probably occurs to a lesser extent at high soil Mg levels, is dependent on energy from respiration in the roots. Respiration is dependent on an available oxygen supply in the soil, that is, on good drainage and air exchange with the aboveground atmosphere. Passive uptake occurs most readily at high soil Mg levels as Mg moves into plants through the transpiration stream (Barber, 1984) . Generally, ions at the root surface are subject to competition from other ions for uptake, partially because of competition for adsorption onto root exchange sites and onto ion carders for transport across selectively permeable cell membranes (Rengel, 1988) .
Magnesium uptake by plants is depressed severely by high ~ and K + concentrations in soils and solution cultures. Magnesium uptake also is depressed by AI +3, H + and Mn +2 in acid soils (pH < 5.5) and by high Ca +2 concentrations and frequently by high K + concentrations in calcareous soils, resulting in lower forage Mg concentrations (Marschner, 1986; Mengel and Kirkby, 1987) . Rengel and Robinson (1987) showed that A1 +3 in nutrient solution decreased Ca and Mg adsorption and increased K adsorption onto root cation exchange sites. In contrast to cations that depress Mg uptake, NO 3 in soil solution stimulates Mg uptake and increases forage Mg concentration.
After Mg enters the plant root, it must be translocated to plant shoots to be effective. Both K and Ca appear to restrict Mg translocation to plant shoots (Hannaway et al., 1984; Ohno and Grunes, 1985) . Although high K levels depress total Mg uptake and translocation, they appear to promote Mg translocation toward fruits, seeds and storage organs at the expense of leaves (Mengel and Kirkby, 1987) .
Magnesium in plants consumed by ruminam animals is utilized to highly variable degrees depending on plant and animal characteristics. Factors to be considered in evaluating the adequacy of Mg intake include the animal requirement, bioavailability of Mg in forages and supplements, intake (palatability) of supplements, and the effects of climate and other nutrients on Mg absorption and utilization.
Climatic Influences on the Soil-Plant-Animal Continuum
Temperature and moisture are the climatic factors that appear to have the greatest influence on soil-plant-animal relationships involved in the development of grass tetany. Kemp and t'Hart (1957) reported an increased incidence of hypomagnesemia about 5 d after a rise in temperature to 14"C or higher, following cold, wet periods. This situation encompasses favorable air temperatures for plant growth, soil temperatures well below optimum, and high levels of soil moisture. Cool-season grasses frequently contain lower Mg concentrations when grown at lower temperatures (Dijkshoorn and 't Hart, 1957; Mayland and Grunes, 1979) . The combination of favorable air temperatures and unfavorably low soil temperatures is more difficult to control and has not been studied adequately. Elkins et al. (1977) found that increasing soil moisture levels and decreasing oxygen levels resulted in lower forage Mg concentrations in tall rescue pastures. Karlen et al. (1978) indicated that high soil moisture levels increased monovalent and decreased divalent cation concentrations in soil solution, resulting in higher K:(Ca + Mg) equivalent ratios in wheat forage. Sykes et al. (1969) reported that both acute cold exposure (-20"C) for 2 d or moderate cold exposure (8"C) for 14 d resulted in lower plasma Mg in sheep. Exposure to cold stimulates lipolysis, particularly if energy intake is low. Martens and Rayssigttier (1980) reviewed the relationship between lipolysis and hypomagnesemia and suggested that increased lipolysis may contribute to the incidence of grass tetany by adipocyte sequestering of Mg or chelation of Mg with free fatty acids in the blood. Boling et al. (1979) found that supplementation with 2.3 kg of corn delayed the elevation of serum free fatty acids in lactating beef cows during the fall months. These studies indicate that energy supplementation may aid in the prevention of grass tetany during the cold months by lessening the degree of lipolysis. However, as will be discussed, energy supplementation alone is not so effective as supplemental Mg consumption.
In this discussion, agronomic and animal management practices that can be used to overcome the incidence of grass tetany by manipulating soil-plant-animal relationships will be presented separately, recognizing that they must be integrated for maximum benefits. Also, the relative importance of each management practice varies with the relative urgency or severity of the grass tetany problem. Symptoms indicating advanced stages of tetany obviously require immediate i.v. administration of Mg and Ca solution to prevent death of the animal. However, initial stages of tetany may be reversed by removing animals from the pasture and(or) by providing supplemental Mg and supplemental feed. On the other hand, most agronomic practices provide long-term changes designed to prevent the development of grass tetany and must be applied well in advance of the grass tetany season.
Agronomic Management Factors

Soil and Site Selection
Attempts to relate specific soil properties to the incidence of grass tetany generally have been unsuccessful. Even though there are fairly good correlations between soil Mg levels and plant Mg levels, the large number of other factors that influence Mg uptake by plants and availability of Mg to animals generally have precluded strong correlations between soil Mg levels and the incidence of grass tetany. Several good reviews have described the difficulties encountered in relating soil properties to grass tetany (Metson, 1974; Ellis, 1979; Baker and Risser, 1983) .
There are some general relationships to consider in selecting sites for pastures during the grass tetany season. Soil derived from parent materials containing appreciable quantifies of Mg-rich minerals (olivine, serpentine, biotite, hornblende, dolomite) should contain sufficient quantities of Mg unless they have been weathered severely and leached. Soils developed from granite, sandstone or shale tend to be low in Mg. The clay minerals vermiculite, chlorite and montmorillonite supply more Mg than do the more highly weathered kaolinitic clays (Ellis, 1979) . Based primarily on the relative degree of weathering, Baker and Risser (1983) ranked the soil orders according to level of available Mg as follows: vertisols > mollisols _> alfisols or inceptisols > ultisols > spodosols > oxisols.
Leaching losses of Mg and other basic cations are most severe in coarse-textured soils, in the presence of good drainage, and at higher elevations in the landscape. Scientists readily agree that highly leached, acid, sandy soils are the most Mg-deficient soils. From a management standpoint, liming and fertilization practices to increase Mg uptake have been most successful on coarse-textured soils and least successful on fine-textured soils. Finetextured soils may contain adequate amounts of Mg, but the Mg may be unavailable due to poor drainage. Improved drainage of these soils, even surface drainage alone, should increase Mg uptake as aeration and plant growth are improved.
Forage Species and Forage Maturity
The fact that grass tetany is so closely related to cool-season grasses emphasizes the tremendous influence of climatic conditions on the ability of soils and plants to meet Mg requirements of animals. Many warm-season grasses, especially bermudagrass, frequently have lower Mg concentrations, in addition to lower digestibilities, than do cool-season grasses. Four major forage grasses grown in N studies at one location in Louisiana during 5 yr had the following mean Mg concentration ranges: Coastal bermudagrass, 1.1 to 1.9; dallisgrass, 1.6 to 3.1; millet, 1.9 to 4.5; and ryegrass, 1.6 to 2.8 g/kg (D. L. Robinson, unpublished data ). Yet, we do not have serious problems with Mg deficiencies in ruminants grazing actively growing warm-season grasses.
Many of the major cool-season grasses, both annual and perennial, have been associated with grass tetany and have been shown to contain a wide range of Mg levels when grown under various conditions. At present there is no good basis for defining the conditions under which one species would be less tetany-prone than another. However, A1 in nutrient solution depressed Mg uptake more in AI-intolerant than in Al-tolerant culrivars of wheat, corn (Mayland and Grunes, 1979) and ryegrass (Rengel and Robinson, 1989) , suggesting that Al-tolerant varieties might be less prone to tetany.
Legumes generally contain higher concentrations of Ca and Mg and lower concentrations of K than do grasses. Therefore, the use of grass-legume mixtures rather than of pure grass swards has been a recommended practice in some grass tetany areas. One common problem with legumes is that they do not produce sufficient growth for grazing in many areas until after the grass tetany season. In some areas of the southeastern U.S., early fall planting and the use of re-seeding annual species have increased the amount of winter grazing of cool-season clovers (Bagley et al., 1984) . Fall planted clover pastures can be developed, with or without grasses, and saved for first grazing during the tetany season. The development of clovers capable of growing more rapidly at low temperatures would be a major improvement.
In general, grasses tend to be most tetanyprone at immature stages of growth, even though forage Mg concentrations generally decrease with plant age. Cherney and Robinson (1985) showed that forage concentrations of Mg, Ca, K and N were all highest in the youngest forage and decreased with plant age, whereas concentrations of soluble carbohydrates increased with age. These results caused K:(Ca + Mg) and N:total water-soluble carbohydrate ratios to be highest in the youngest forage. They concluded that rapid regrowth following cold, wet periods greatly increased the grass tetany potential of ryegrass due to high forage concentrations of N and K and low concentrations of total water-soluble carbohydrates. These relationships suggest that ruminants should not have access to immature grass during the tetany season and that grazing should be avoided during the first week or two after cold, wet periods when new forage regrowth represents most of the forage available.
When actively growing forages cannot meet animal Mg requirements, one option is to stop or limit grazing and to feed hay or grain. Bohman et al. (1977) evaluated several sources of hay and reported that Mg concentrations above 1.8 g Mg/kg of dry matter presented no tetany hazard, but concentrations of 1.2 g Mg/ kg of dry matter or less in the hay reflected a high tetany potential for lactating beef cows. If hay is substituted for lush grass during the tetany season, the Mg content of the hay should be known, regardless of the hay species. It is not safe to assume that Mg is adequate in any hay, whether grass or legume.
Liming and Fertilization Practices
Liming and soil fertility practices are vital to forage-livestock production systems in humid regions of the world. Fertilizers were applied initially to increase forage yield, with only secondary consideration for effects on animal nutrition. However, soil fertility pracrices have improved tremendously the general nutritional level of grazing animals, especially in overcoming energy, protein and phosphorus deficiencies during winter periods. Soil fertility practices greatly influence nutrient balance in plants and animals.
Grass tetany results from a nutrient imbalance in animals that is intensified by soil fertility practices under certain conditions, although the same practices may not cause problems under different circumstances. This situation suggests that soil fertility and liming practices should be modified for specific grass tetany sites in order to maximize benefits or at least to minimize any adverse effects on animal nutrition. To make these modifications we need to examine the effects of sources, rates and timing of fertilizer and lime applications on the incidence of grass tetany.
Even though fertilization practices have been closely related to the incidence of grass tetany and can be modified to improve nutrient balance in plants during the grass tetany season, it is risky to propose a broad-based fertilization scheme for intensively managed, high-producing, cool-season grasses that will overcome the incidence of grass tetany. Many other factors involved in the tetany problem, especially climatic factors, are highly variable among geographic locations and may override the effects of fertilization practices.
Liming Practices. Liming acid soils can help overcome the incidence of grass tetany by increasing forage Mg concentrations in three important ways. First, raising the soil pH, even with calcitic lime, can increase Mg uptake by plants (Christenson et al., 1973; Rengel, 1988) , probably as a result of decreased exchangeable Al § in limed soils. Christenson et al. (1973) found that calcitic limestone increased Mg uptake by oats more than did an equal amount of Ca supplied as CaSO4, a neutral salt. Second, liming acid soils with Mg-containing materials increases soil pH and supplies additional Mg that is available to plants. Finally, decreasing soil acidity creates more favorable conditions for legumes, resulting in higher forage Ca and Mg and lower K concentrations. Recommended liming rates are highly variable among soils and crops, but soil pH generally should exceed 5.5 to minimize Al +3 activity in the soil solution. Potassium Fertilization Practices. Forage grasses generally have K requirements that greatly exceed K requirements of ruminant animals. Because of the high K requirements of the grasses, very high K levels frequently have been applied. High levels of soil K have been related consistently to the incidence of grass tetany, due both to decreased Mg concentrations in plants and to decreased Mg availability in ruminant animals. The lower plant Mg concentrations obviously result in lower Mg intake by the animal. Both intake and availability of Mg greatly influence the incidence of grass tetany. Potassium fertilization at high levels frequently increases the incidence of grass tetany, but low K levels generally have had very little effect (Kemp, 1983) . Additions of both N and K increase forage K concentrations more than do applications of only N or K (Kemp, 1971) . Intensive management practices frequently include both N and K fertilization. Also, animal excreta cause localized areas within a sward to produce forages with excess concentrations of both N and K relative to animal requirements (Metson et al., 1966) .
Because K fertilizers are highly watersoluble, K sources appear to be equally effective in stimulating K uptake. Applications of KCI probably would increase soil solution AI levels more than K2SO4 applications would, which in turn depresses Mg uptake in some acid soils.
Spring K applications decrease forage Mg concentrations during the spring grass tetany season more than do fall applications (Hunt et al., 1964; Litigate, 1976) . Large K applications should be avoided; instead, K should be divided into multiple, small applications, with most K being added after the grass tetany season. Rates of K application should be based on locally calibrated soil tests but kept at the lower end of the recommended range if grass tetany has been a problem. Potassium removal from the soil can be tremendously high if the forage is mechanically harvested and removed, but very little K is removed from intensively grazed systems (Robinson, 1985) . Clearly, K fertilization practices and rates should be related to the rate of K removal.
Intensive cropping, especially with hay and silage crops, can very effectively lower soil K levels and reduce the incidence of grass tetany. The rate at which K can be lowered is much greater in more highly weathered soils (Abrufia, 1982) .
After reviewing the K nutritional require-' ments of forage grasses, Robinson (1985) concluded that cool-season grasses will accumulate K in excess of concentrations required for near-maximum yields if given proper conditions, especially high levels of soil N and K. Because the excess K decreases both Mg intake and Mg availability to animals and does not increase yields, it should be minimized by monitoring soil and forage K levels and keeping K concentrations in the lower portion of the recommended ranges in areas where grass tetany is a problem.
Nitrogen Fertilization Practices. Nitrogen fertilization generally is associated with an increased incidence of grass tetany. Several Robinson ctal. (1987) . bNitrogen was applied in two equal applications, at planting and in late winter. Annual K application averaged 80 kg/ha. Soil-test averaged 80 rng/kg. good reviews have emphasized that N fertilizers generally increase concentrations of crude protein, higher fatty acids, and organic acids and decrease water-soluble carbohydrate concentrations in forages (Mayland and Grunes, 1979; Wilkinson and Stuedemann, 1979; Kemp, 1983) . All these factors have been associated with lower Mg availability to animals. The effects of these chemical components on the grass tetany problem have been intensified because cool-season grasses contain rather high protein concentrations at low levels of N fertilization, but grass yields are increased considerably at high levels of N fertilization.
Nitrogen fertilizers change both the botanical and chemical composition of forage swards, usually favoring grasses over legumes and forbs. This botanical shift results in forage with lower Ca and Mg and higher K concentrations. Whereas the effect of N fertilization on botanical composition is especially important for mixtures of perennial grasses and legumes, the author (D. L. Robinson) has observed in Louisiana that annual clovers remain very competitive with annual ryegrass and small grains receiving N fertilizers if proper grazing management is used to prevent excessive grass accumulations. Calcium and Mg concentrations in the clovers undoubtedly would exceed those of the grasses.
Nitrogen fertilization may increase or decrease concentrations of K and Mg in the forage. Kemp (1983) showed that N applications increased K concentrations if forage K levels were above 20 g/kg but decreased K concentrations if forage K levels were below 20 g/kg. These relationships undoubtedly are the result of high and low soil K levels, respectively. As N stimulates plant growth, the larger plants absorb more K if it is abundant in the soil. If K is not sufficiendy abundant in the soil for additional uptake, then the K is diluted through a larger yield and concentrations decline. Magnesium appears to behave in the same manner. These relationships are important because they show that N would accentuate the grass tetany problem at high soil K levels and(or) low soil Mg levels. Yet, N fertilizers can help alleviate the problem if Mg is added to the soil. Various reports have shown that N fertilization increased forage Mg concentrations (Robinson et al., 1987) . Mayland and Grunes (1974) found the effects of N and Mg fertilizers to be additive in increasing forage Mg concentrations.
Increasing N application rates increased forage concentrations of crude protein, Ca and Mg but had very little influence on K concentrations in ryegrass (Table 1 ). These changes due to N applications reduced K:(Ca + Mg) equivalent ratios, but all ratios averaged well above the critical 2.2 maximum, established by Kemp and 't Hart (1957) .
Recommended rates of N fertilization vary tremendously with crop yield potentials, which are highly dependent on soil and climatic conditions and plant species. Yield response curves for specific crops grown under specific conditions are available in most states and should form the basis for determining N fertilization application rates. In general, recommended rates are higher in areas with abundant rainfall and may range from zero to 300 or 400 kg/ha of N annually. In foragelivestock systems, the N fertilization rate should be selected to provide the level of forage production that can be effectively utilized either by grazing or as harvested forage. Because of seasonal fluctuations in production, it is difficult to effectively utilize aAdapted from Robinson et al. (1987) . bNitrogen fertilizers were applied at the indicated N rates at planting and after each harvest, except the last one.
forages strictly by grazing if the forages have been fertilized for near-maximum yields. This problem, plus nutrient cycling that occurs during grazing as well as nutrient losses that are highly variable among soil and climatic conditions, usually require that N fertilizer rates be based on local information. The major difference in N fertilizer sources relating to grass tetany appears to be the relative amounts of NI-l~4 -and NO 3 -N in the fertilizers. Studies with wheat grown in nutrient solutions (Cox and Reisenauer, 1977) and with wheat in soil in the greenhouse (Mathers et al., 1982) showed that NO 3 -N stimulated Mg uptake and increased the concentration of Mg more than did NH~ -N. A study in Louisiana (Table 2) showed similar results with ryegrass in the field (Robinson et al., 1987) . Nitrogen fertilizers were applied in multiple applications, at planting in October and after each harvest throughout the growing season. The applied urea was hydrolyzed to produce ~ in the soil. During much of the winter season, soil temperatures were too low for significant amounts of nitrification to occur, so the ryegrass receiving urea would have absorbed primarily NI-~4 -N. Ryegrass fertilized with NH4NO3 would have had equal amounts of available NH~ and NO 3 , but probably absorbed much larger quantifies of NO 3 ions because of its much greater mobility in the soil (Barber, 1984) .
In addition to increasing yields, both fertilizers generally increased forage concentrations of crude protein, Ca and Mg, but ammonium nitrate effects slightly exceeded those of urea. Because K concentrations changed only slightly, the resulting K:(Ca + Mg) equivalent ratios were higher where urea was applied, except at the lowest N rate. If ~ -containing N fertilizers are applied during seasons when soil temperatures remain above 10 to 15~ for § will be about 2 wk, most of the NH 4 converted to NO 3 before being absorbed by the plants, minimizing differences between the two N sources.
Soil acidification is a natural process that results from weathering, leaching and biological activity. The acidification rate is increased by the use of NI-l'~4 -containing N fertilizers or by production of N2-fixing legumes. It is widely recognized that NI-I~4 -containing N fertilizers increase soil acidity because H § ions are released as NH~4 is oxidized to NO 3 during the process of nitrification. Also, if NI-l~4 is directly absorbed by plants, the roots release H + ions, whereas roots release OH -I as they absorb NO 3. The process of N2-fixation by legume-rhizobia associations also acidifies the soil (Marchner, 1986) . Alfalfa yielding 10 t/ha was estimated to produce soil acidity equivalent to 600 kg/ha of CaCO 3 (Nyatsanga and Pierre, 1973) . Increasing soil acidity is accompanied by lower soil levels of exchangeable Ca and Mg and higher levels of exchangeable Al. These changes would intensify the grass tetany problem by lowering Mg concentrations in grasses and legumes and by favoring grasses in grass-legume mixtures. These relationships emphasize the need for a judicious liming program as a part of the forage-livestock system. The effects of N fertilization on forage chemical composition generally will be greatest at the fu'st grazing or harvest following N applications. Because N fertilization sometimes depresses forage Mg or increases forage K concentrations, it should be applied well before and(or) just after the grass tetany season. The use of NO 3 -containing fertilizers may increase forage Mg concentrations on soils with high Mg levels or on soils well fertilized with Mg. However, such applications just prior to the tetany season still are risky because of increased protein, higher fatty acid and organic acid concentrations, and decreased soluble-carbohydrate concentrations in forages. Smaller, more frequent N applications cause less variation in these forage components than do similar N rates applied infrequently. Until more information is available on tetany-prone sites, it appears that applications should be made well before or following the tetany Season. Magnesium Fertilizer and Lime Applications. Magnesium requirements for near-maximum yields of cool-season forage grasses (<1 g Mg/kg of dry matter) are considerably lower than requirements of lactating ruminant animals (>2 g Mg/kg of dry matter, Wilkinson, 1983) . If Mg fertilization does not increase forage yields, then fertilizing soils in order to meet ruminant animal Mg requirements is a questionable practice. On the other hand, if lime is required, the cost of dolomitic lime may be only slightly more than the cost of calcitic lime, although in some locations it costs considerably more. The primary method used to supply Mg to acid soils is by applying dolomitic lime. The major Mg fertilizers used where lime is not required are MgO and Mg sulfate. Potassium magnesium sulfate is the most easily obtained sulfate form, although epsom salt and kieserite also are available, usually at greater expense (Mortvedt and Cox, 1985) .
Forage Mg concentrations have been related closely to available soil Mg levels. Likewise, Mg fertilization and liming have consistently increased forage Mg concentrations. In general, forage Mg concentrations have been increased at relatively low levels of Mg application on acid, sandy soils with low cation exchange capacity. In contrast, free-textured soils of high cation exchange capacity or calcareous soils (high Ca +2 levels) require very high rates of Mg application to increase forage Mg concentrations, often making Mg fertilization impractical (Mayland and Grunes, 1979) . High levels of exchangeable K +, NI-I~4, A1 +3, H + or Mrl +2 may decrease Mg uptake and plant Mg concentrations (Marschner, 1986; Mengel and Kirkby, 1987) . Based on research with fine-textured soils in the Netherlands, Kemp (1983) concluded that Mg fertilization cannot ensure adequate Mg concentrations for ruminant animals.
Dolomitic lime was used to stabilize the pH of Olivier silt loam in N and K field studies in Louisiana, in which 2 kg of lime per kg of N, were applied prior to each crop in a milletryegrass double-cropping system during 7 yr (D. L. Robinson, unpublished data). The soil had a cation exchange capacity of 7 to 8 cmol(+)/kg. Plant Mg concentrations increased due to lime applications, even in the presence of excessive N and K application rates (Table  3) . Although most producers would not apply lime every year, these data illustrate that small, continuous applications of dolomitic lime can greatly increase forage Mg concentrations on a medium-textured soil.
Application rates of Mg fertilizers are not well defined. On sandy soils, applications of less than 100 kg/ha of Mg as a soluble Mg salt appear effective in increasing forage Mg concentrations and Mg availability to animals (Reid, 1983; Wilkinson, 1983) . Mortvedt and Cox (1985) indicated that fertilizer recommendations generally range from 20 to 40 kg/ha of Mg as a soluble salt for various crops, although these recommendations have not been verified in recent years. Dolomitic lime should be applied at rates required to produce the desired soil pH. The liming materials should be applied 3 to 6 mo prior to the grass tetany season and should be well incorporated into the soil for best results. The more-soluble Mg salts should probably be applied at planting time of annual species or at least a month or two prior to the grass tetany season, although no field data were found to support this contention.
Animal Management Practlces
Magnesium Requirements of Cows
Ruminant animals are most susceptible to the onset of hypomagnesemic tetany while grazing lush green forage during the early spring. However, periods of rapid growth during any season, resulting in forage of low Mg and high moisture, N and K, present dietary conditions that increase the potential for development of tetany.
Magnesium represents a small proportion of the animal body (about .04%). Approximately 70% of body Mg is found in the skeleton, and the remaining 30% is associated with body fluids and soft tissues. Thirty percent or more of skeletal Mg can be mobilized from bones of young animals to meet soft tissue and body fluid needs when dietary intake does not meet requirements. However, the quantity of skeletal Mg that can be mobilized under such conditions decreases with age of the cow (Rook and Story, 1962) .
It is important that cows consume adequate quantifies of dietary Mg to meet requirements for specific productive processes or functions. Blood Mg levels in cows normally range from .1.8 to 2.0 mg/dl, and values equal to or less than 1.0 mg/dl reflect Mg deficiency (Underwood, 1966) . Maintaining normal serum Mg concentrations has been used as the criterion in determining dietary Mg requirements. O' Kelley and Fontenot (1973) fed gestating beef cows different dietary levels of Mg and determined the Mg requirement using regression analysis. They calculated daily Mg requirements for gestating beef cows to be 8.5, 7.0 and 9.0 g/d at 145, 200 and 255 d gestation, respectively. These values are equivalent to .12, .10 and .13% dietary Mg (assuming intake of 6.8 kg/d feed dry matter) for the three stages of gestation. O' KeUey and Fontenot (1969) determined that Mg requirements of lactating beef cows were 20.9, 22.1 and 18.0 g/d for early, middle and late lactation, respectively. Based on 10.2 kg/d of feed dry matter, these values represent .18, .19 and .16% dietary Mg for the three stages of lactation. The primary loss of Mg from the lactating beef cow is via milk (Mershon and Custer, 1958; Comberg and Meyer, 1963; Comberg et al., 1967) , which is responsible for the increased dietary Mg requirement of lactating vs gestating beef cows.
The nonlabile nature of Mg reserves in beef cows was shown clearly by Ritter et al. (1984) . Pregnant beef cows were fed different levels of dietary Mg for 6 wk prior to grazing tetanyprone tall fescue pasture. The average calving date was 40 d after the start of fescue grazing. Three prepasture supplementation regimens resulted in groups of cows with serum Mg values averaging 3.58, 1.97 and 2.0 mg/dl. However, within 4 d after turning cows into tetany-prone pasture, serum Mg concentrations of those in the high group decreased to the level of those in the remaining two groups. Thereafter, serum Mg concentrations in all three groups decreased to similar levels and responded similarly throughout the spring grazing period. These data emphasize that cows must have a frequent, preferably daily, intake of dietary Mg to meet tissue needs. Dally intake by each animal is more difficult to ensure as herd size increases.
Sources of Magnesium Supplement. Dietary
Mg supplements are necessary to meet body requirements when cattle consume forage deficient in Mg or forage containing antagonistic levels of nutrients that compromise Mg absorption and(or) increase excretion. Most Mg compounds included in dietary supplemerits are rather unpalatable to cattle. Such compounds also vary in percentage and bioavailability of Mg. Reid (1983) presented an excellent review of bioavailability of Mg from supplemental and natural sources.
Compounds available for use in supplement formulation include MgO, Mg(OH) 2, magnesium carbonate, magnesium chloride, magnesium sulfate, dolomite and magnesium chelates. These sources are quite variable in physical and chemical properties. Of these compounds, MgO contains the greatest percentage of Mg. The development of a supplementation system must take into account bioavallability, concentration of Mg in the compound used, palatability and daily consumption of the mineral mixture.
In addition to its role in tissue metabolism, Mg is required for optimal rumen fermentation. Magnesium deficiency results in reduced appetite, which decreases total nutrient intake. Little et al. (1958) and Ammerman et al. (1971) showed that ruminal cellulose digestion was reduced due to Mg deficiency. The quantity and chemical form (Ammerman et al., 1972) of Mg fed may affect the amount of soluble Mg in ruminal fluid and thus may contribute to the ionic strength of ruminal fluid. Particle size of MgO may affect Mg solubility in the rumen and rumen pH (Xin et al., 1987) . Such factors potentially influence rate of passage of ingesta from the rumen, activity of ruminal microorganisms and transport of metabolites across the rumen epithelium.
Comparison of Supplements to Achieve Adequate Magnesium lntake
Prevention of grass tetany requires daily supplementation with Mg. The most commonly used method is providing a dry supplement containing MgO to be consumed freechoice. Because MgO is unpalatable, a number of experiments have compared various supplement formulations. Frye et al. (1977) compared supplements containing MgO and trace mineralized salt (1:1) with MgO and trace ~aineralized salt plus either cottonseed meal, dry molasses or steamed bone meal (1:1:1). When all four supplements were available simultaneously, intake by lactating beef cows was highest for the supplement containing dry molasses, intake of steamed bone meal and cottonseed meal supplements was intermediate, and intake of the MgO and salt supplement was lowest. In trials in which only one supplement was available, Mg intake was highest with either the dry molasses or cottonseed meal supplement. A further trial compared either dehydrated alfalfa meal, corn distillers dried grains, ground corn or cottonseed meal mixed with MgO and trace mineralized salt (1:1:1). Intake was not significantly different among the four supplements and provided from 19.5 to 23.6 g of Mg/d. Smith et al. (1974) compared free-choice minerals (FCM), FCM plus a protein block containing 2.5% Mg, and FCM plus 2.3 kg corn containing 56 g MgO. Corn-MgO-FCM was the most effective supplement for increasing serum Mg concentration in deficient cows. Ross and Gibson (1969) reported that freechoice feeding of a 3:1 mixture of Mg acetate solution (5.2% w/w acetic acid) and molasses was as effective as feeding a mixture of 454 g concentrate and 56 g of calcined magnesite per day in maintaining adequate serum Mg in dairy cows following turn-out to spring pasture in England. Todd and Scally (1966) observed that a free-choice mixture (1:1) of calcined magnesite and molasses provided protection against hypomagnesemia in dairy cows. McLaren and Bell (1978) evaluated free-choice feeding of a mixture of salt, dry molasses, MgO and cottonseed meal (1:1:1:4) and a commercial liquid molasses-urea mixture conraining 5 to 10% MgCI2. Both supplements were considered to be about 85% effective in preventing clinical grass tetany.
The above studies indicate that effective, although not complete, prevention of grass tetany can be achieved by free-choice feeding of a palatable supplement containing Mg. Mineral mixtures are less readily consumed than are mixtures containing ingredients such as ground corn, cottonseed meal or molasses.
Use of Magnesium Boluses to Prevent Grass Tetany
Magnesium alloy boluses have been designed to provide a slow release of Mg in the rumen. Ritchie and Hemingway (1968) treated 350 cows with either two or four boluses weighing 100 g and containing 86% Mg. No clinical grass tetany occurred in cows receiving either of the treatments, whereas the incidence in control cows was 10.1%. Following turn-out to pasture, mean plasma Mg concentrations were higher in the treated than in the control cows. Using the same type of boluses as used by Ritchie and Hemingway (1968) , Foot et al. (1969) found that the boluses did not reduce the percentage of cows with low serum Mg and concluded that the boluses did not provide adequate protection. House and Mayland (1976) reported that Mg boluses were as effective as supplemental MgSO4 in increasing the plasma Mg concennation of wethers over a 9-d period. However, decomposition of the boluses was highly variable and ranged from 1.7 to 55.4% over 18 d. Stuedemann et al. (1984) evaluated a different type of commercial Mg bolus using pregnant and lactating beef cows. Those boluses did not increase serum Mg concentrations above those of control cows receiving no supplemental Mg. The rate of bolus decomposition in steers provided .66 to 1.33 g Mg/d and varied between animals. They concluded that this rate of Mg release was too slow to provide effective grass tetany prevention.
Use of Mg boluses may provide protection to some animals that have marginally depressed serum Mg. However, due to slow and variable rate of bolus decomposition, they are less effective than palatable feed supplements and usually provide a lower and less consistent degree of protection.
Supplying Supplemental Magnesium in Drinking Water
Magnesium has been added to drinking water as Mg chloride, sulfate and acetate. Reid et al. (1984) added MgSO4 (Epsom salt) to drinking water of sheep to increase Mg intake from .08 to .14% and from .16 to .22% of the diet. The added Mg increased apparent absorption and retention of Mg and increased serum Mg by approximately .35 mg/dl. Intake of timothy hay was increased by 14%. The fraction of the responses due to increased feed intake vs adding Mg to the water was not determined. Scott et al. (1980) and Vona et al. (1980) associated increased Mg intake with higher dry matter intake. Rogers and Poole (1976) McLaren and Bell (1978) recommended the use of MgC12 at the level of 1 to 2% in the drinking water.
Adding Mg to drinking water is an effective method of grass tetany prevention. However, access to natural water sources must be eliminated. A proportioner must be used or the Mg source must be mixed with a fixed volume of water at regular intervals. Tetany-producing forages such as wheat and ryegrass are high in water content during the winter and spring months. Thus, fluid water intake may be low when animals are grazing such forages. These considerations limit the usefulness of adding Mg to the water supply. However, in cases of severe tetany outbreaks, altering management procedures to supply Mg in drinking water may be cost-effective.
Foliar Application of Magnesium
Application of MgO to foliage has been investigated as a method to ensure that all cows consume adequate supplemental Mg. Although this method offers protection against grass tetany, under conditions of high rainfall and(or) wind, the protection is of short duration and, therefore, frequent MgO applications are required. Wilkinson and Stuedemann (1979) reviewed the use of a MgO-bentonitewater mixture and reported it to be more resistant to removal from the plant by rain than was MgO applied as a dust. Application of this mixture to tall rescue pasture was effective in preventing hypomagnesemia and grass tetany for about 4 wk. However, rainfall greater than 4 cm removed this material from the forage. In addition to the problem of removal by rain, the required frequency of Mg application will depend on grazing intensity and rate of forage growth. The problems associated with foliar application of magnesium will limit the onfarm use of this method. However, depending on other alternatives available, foliar application may be recommended for short-term control in cases of severe grass tetany outbreaks.
Other Dietary Management Factors
Martens and Rayssiguier (1980) discussed the effects of Na and readily digestible carbohydrates on Mg absorption. They proposed that a dietary or salivary Na deficiency decreases the Na:K ratio in rumen fluid, which in turn depresses Mg absorption. They reported an approximate fourfold increase in Mg absorption when the Na:K ratio increased from .5 to 5.0. These studies used sheep in which the rumen was emptied, washed and filled with 3 liters of buffer containing differing concentrations of Na and K. The high protein content of tetany-inducing forages is proposed to lead to an imbalance between crude protein and readily digestible carbohydrate, which may cause an energy deficit. This energy deficiency reduces microbial protein synthesis, VFA production and CO2 production. Reduced VFA and CO2 production is proposed to decrease rumen wall blood flow and thereby reduce Mg absorption. Martens et aI. (1987) reported Mg absorption in sheep to be increased from 22.3 to 34.5% when 2.3 g Na was supplemented to a low-Na diet of dried grass. The ruminal Na:K ratio increased from .9 to 5.5. However, Poe et al. (1985) found that adding Na to a high-K diet did not correct the depressing effect of K on Mg absorption. In fact, Mg absorption tended (P < .10) to be lower when Na was added to the high-K diet. In field studies, salt mixtures fed free-choice as control treatments, with or without added MgO, were the least effective supplement in maintaining adequate serum Mg concentrations (Smith et al., 1974; Frye et al., 1977) . Although increased Na intake may be helpful in marginal Mg deficiencies, the role of increased NaCI intake in reducing the incidence of grass tetany is unclear.
Giduck and Fontenot (1987) supplemented sheep diets with 450 g/d of either glucose, lactose, sucrose or starch. Compared with control animals fed orchardgrass hay alone, all supplements increased Mg absorption and retention and lowered fecal Mg. Apparent Mg absorption increased from 19.4 to a mean of 35.0% for the supplement treatments. The supplements provided 36% of the total feed intake. Madsen et al. (1976) found that supplementing 1.14 kg red ciover-orchardgrass hay with 250 g glucose-monohydrate increased apparent Mg absorption from 27 to 34% in sheep. However, supplementation of a fresh rye-ryegrass mature with 130 g glucose did not affect Mg absorption. Field studies with beef cows have shown that energy supplementation was less effective in maintaining serum Mg than MgO supplementation was. Miller et al. (1980) compared beef cows abruptly placed on rye-wheat pasture supplemented with either 30 g MgO/d by capsule or 2.3 kg cornmeal/d. Both supplemented groups of cows had higher plasma Mg than unsupplemented controls for the first 10 d on pasture. However, MgO was more effective than cornmeal in increasing plasma Mg. Hodge et al. (1984) provided beef cows grazing fescue pasture with either mineral mix, mineral mix containing MgO or mineral mix plus 2.3 kg com/d. On two of five blood sampling dates, Mg supplementation increased plasma Mg. Control and energysupplemented cows did not differ in plasma Mg on any date. Boling et al. (1979) fed beef cows that were grazing tall fescue either no supplement, 56.8 g MgO/d in .27 kg supplement or 2.3 kg corn/d. On 8 of I I sampling dates, serum Mg was higher in cows receiving MgO than in cows receiving no supplement. Although the energy-supplemented group tended to have higher serum Mg than the nonsupplemented group, the difference was significant on only 1 of the 11 sampling dates.
The references cited above indicate that, although energy supplementation may increase Mg absorption, Mg supplementation is more effective in maintaining higher plasma Mg concentrations in grazing beef cows and thus would be more effective in lowering the incidence of grass tetany. Providing the Mg source in a palatable, high-energy supplement may, however, enhance the effectiveness of the supplied Mg by increasing its absorption.
The onset of clinical signs of grass tetany usually occurs when the animal is both hypomagnesemic and hypocalcemic (Kappel et al., 1983 : Ritter et al., 1984 . Animals that are only hypomagnesemic are less likely to exhibit clinical signs. Sansom et al. (1983) has suggested that subclinical hypomagnesemia is a contributing factor to the onset of milk fever in dairy cattle. Contreras et al. (1982) found reduced rates of Ca mobilization in steers and nonlactating cows when serum Mg was less than 2.06 mg/dl. These reports indicate that maintenance of serum Ca is an important factor in the prevention of clinical grass tetany and that hypomagnesemia may induce hypo- Grass tetany generally can be overcome effectively in humid regions by using agronomic management practices, supported by animal management practices as needed. In drier, alkaline soil regions, which are less amenable to agronomic management practices, animal management practices must be the major means of controlling grass tetany. In all regions, overcoming grass tetany by animal management practices becomes more difficult as herd size increases.
